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ABSTRACT 

Method* and technique* for monitoring critical 
beat-shield parameters during spacecraft reentry 
have been developed end evaluated. the required 
instrumentation sensotz for measurement of pres- 
sure, tenperature distribution, Incident heat 
flux. char, and ablation are 41*cu**ed In detail. 
The calibration and data analysis, ham«n and airto- 
nattc. applied to the various senaon during attai- 
nted reentry eraluatlon are prezented. 


igpotKcnoM 

When a apacecraft enter* the aCaoiphere wr* 
rounding a planet, it ha* a hitch initial velocity 
which nust be dl**ipated prior to impact. The 
atmosphere art* a* a braking sxchanls* on the 
vehicle, coeverti&g kinetic energy of motion to 
heat. To protect the spacecraft fro* localized 
heating of boundary «caa streasa In the region of 
10 000° P and above, which produce beat rate* up 
to 600 3tu/ft 2 -sec, the real protection systems 
have been de-eloped, These systems incorporate 
Rat triala which absorb and dissipate the beat 
through various methods (re-radlatlco, decocpomi- 
tloo. and Insulation) . The theoretical efficiency 
of these materials can be analytically detemi&cd 
with sufficient precision for current spacecraft 
programs, hwt^r, optimization of these systems, 
r r=3 toe critical weight standpoint . Bust b« 
achieved through dynamic io fore* lion obtained 
durian actual reentry. *** Until comparatively 
recent apace progress, analysis of the heat 
shield (the real protection systems) has been ac- 
eoapllshcd through trial and error nethoda. uti- 
lising material infornatlon gained from slsula- 
tloo of reentry coadlttcna in ground teat faci- 
lities and through apacecraft recomry aaalyal*. 
Computer* are extensively uaed In data reduction 
and analysts. Ts apply these teehnloue* of Bate- 
rial performance analyal* to a nou re cot* cable 
flUbt vehicl* with any decree of accuracy, cer- 
tain dynamic Infornatloo mat be obtained during 
actual reentry tine. Ceoerally, five material 
parameters are Measured: ablatlpo (surface 

recession), char (change in parent beat-shield 
material properties), temperature (surface and 
subsurface). Incident heat 10 c rate (total beat- 
inf rate input at the surface}, and pressure 
(static). 

The purpose of this paper 1* to discuss some 
of the teasing techniques and problems encountered 


00 the Apollo Program in developing sensor* for 
these measurement parameter* . 


IfSTlftKDfTATIOy 

The laatruxentstico techniques used in measur- 
ing these parameter* are closely related to the 
beat-shield naterial characteristic* sad the re- 
entry environment variables. Severer, the basic 
Senacr design and evaluation problems are caeco 
to all Esterlals. The Apollo Program heat-shield 
material (AVCO no. 5026-39) 1* * phenol I e/epoxy- 
boralae material, compounded Into a fiber-glass 
honeyconb. A typical measurement system-con rig- 
uratloo la shown In ficure 1. 

Pre*«ure 

Static pressure measurements are Bade by using 
conventional precalibrated pressure sensors. 

The outside static pressure is channeled through 
the best shield to the transducer, via * small - 
diameter tube. The major problems Initially en- 
countered were bole blockage caused by liquified 
heat-shield Material, excessive erosion at the 
hole location, heat conduction by the air-tube 
to the temperature-sensitive pressure transducer, 
and slow response caused b 7 damping. Meat of 
the problems can be solved by using an alumina 
tube with a *5° bend for heat absorption, assum- 
ing a static or noo-dynamic surface Measurement 
is required. 

temperature 

Subsurface and surface temperatures up to 
5000* T can be measured by using tungsten/ 
tungsten- 26 -percent rbeniur. thermocouple* which 
have been fltne-*pr*y coated with zirconium 
dlbcrlde or hafnium oxide. The inaccuracy of 
these thermocouples is less than 3 percent for 
subsurface meaaurenent* and less than 7 percent 
for nr face temperature measurement!. The error 
caused by the thermocouple presence In the mate- 
rial has not bees analytically determined; but 
because of the high char conductivity, it Is es- 
timated to account for most of the detectable 
error found when the thermocouple la exposed 00 
the Material surface daring testing. Figure 2 
shows the coat acceptable *en»or forod for these 
Measurements. The wire diameter Is 0.00 5 Inca 
and coating thickness 1* between 0.005 and 
0.010 inch. 


Superscripts refer to references listed at the end of the paper. 




locldeot surface teittaji rate 


A discontinuous. nearuj-enent of incident heat- 
legs rate can be »*4e by Using a series of 
"stacked** ealerlatters fearing an cxtrr»«iy fast 
response tine (less th*n 2.00 ttUlIsecooA*). The 
technique of beating-rate neasurenent 1* derived 
fren the principle! of Cardoc calorinetcr* ap~ 
plied to Sensing element* fabricated fra* tts»S- 
spray rotted tuns*ten/tuag*t«~ 26 - percent 
rhenium vires. A single tensing e learnt la 
shown In figure 3* These elements arc Installed 
into a cylinder Of beat-shield material in a ©sn- 
eer ainiiar to that used tor the the mcxewple* 
shown in figure 2 . The senior* teated to date 
<2<K*c*i*tr»ted the technique feasibility* however, 
the calculated eaUbraltco exhibited ksaccwrtcls* 
up to 10 percent In sen* ca*e», aa a result of 
Inadequate stability of the reference Junctico. 
Xo&tfled aenaor design* can reduce tM* error to 
a tolerable level of IQ to 15 percent? however, 
additional developmental testing la considered 
necessary prior to spacecraft application. 

C har 

The 10JX of Virgin heat-shield material nay be 
monitored in cany vayi, all dependent 06 the final 
temperature at vhlch the naterltl lose* Ita effec- 
tiveness M * tberaal insulator, The wait effec- 
tive,. accurate* and ocly continuous method found 
to date utilize* a radioactive **liue w source eabed- 
(21 

ded in the he*t-»Mcld material* The aotreo con- 
sist* of 5 to 10 no mercuric sulfide (Hg 203 ) sus- 
pended uniformly In a filler material (fnneaat 
31- A) which 1* contained io a O.0625-incfa-di*ss#ter 
teflon tube. This fixture vaporizes at sppraxi- 
vately SJO* 7 {average he at -site Id-cate rial char 
temperature) . Once change of state occurs, tbs 
source 1* out gassed along with the material low- 
tesxperatvxe fillers- As the source Is outgaaseu, 
the number of gsesua cal** lacs per second deer***** 
proportionally. These emission* are coated by * 
miniature CelgerVTaeller (O-H) detection package 
which 1* remotely located and generate* a Q to 
5.0 T-de output signal. The basic system 1* 
shown In figure A. An embedded sourc* Is sheva 
la figure 5. 

Ablation 

Since the early IC2M reentry vehicle*. ' the 
mat c ocaop method. for rearer! rg heai-ahieid- 
aaterlel surface receasioo (ablation) has heen 
through the use of radioisotopes described In the 
preceding section oa char measurements. The 
"line'* source technique and electronic* package 
are identical. The fundamental difference He* 
in the source behavior during material char and 
subsequent ablatlco. The Ablation sensing el*- 
nest cult follow the material Surface contour u 
it recedes a* opposed to following the deccspesl- 
ticc zone as Is the case with the char sensor. 

The cooplcte element (tube, filler, activity) 1* 
required to have thermal characteristic* similar 
In behavior to those ascribed to the beat-shield 


material. Serious deviations In these character 
tic* result in large nsaxurewtnt errors. ?h* 
*o*trc* consist* cf a Q, 0625-1 och-d I met *r alwxlta 

tub* containing cobalt* 0 or gold 193 suspended in 
a silicon* filler (Ecv Coming 325). tbs tube 
van thickness and melting point are critics! for 
«n accurate measurement so u rce, as is the uni f cm 
Isotope distributioo vtthla the tube. 


CAUaftAWOg TBOCflQUS UP TESTTKC 

The validity (sad therefor* the data accuracy 
and reliability) of the calibration of a sensor 
Is often nis understood by the segineer. Since a 
complete understanding of the sensor calibration 
and resultant testing is required In the applica- 
tion of these sensors, a brief discussion of each 
It prescfited. 

Temperature 

The thermocouple* (tuagstea/tusgsten-26 per- 
cent rhenium) css b* csllbrtted be for* Installa- 
tion by nalng a vaeinpj fttraae* and checking the 
output against standard Hat local bureau of 
Standard* cocvwsiom tables.^ After Install*- 
tioc. they can he checked up to 2200* 7 igalnst 
Chrcoel/slunel embedded thermocouple*, sad st 
hOoo 0 f (or above) when exposed an the sensor 
surface. A ncaj-enissivity sensitive ultra-violet 
radiometer, corrected for flea* teapersture, Is 
used for sensor surface temperature measurement. 
Exposure tins, accurate to Q.IQ second, can be 
attained using motion picture* and good filters. 
Evaluation test# which are conducted outside of 
a vseraxt rumacs should attempt to simulate 
Closely tb* reentry cjviToaaeat in order to aala- 
taln measurement validity gained In »c»- s inula ted 
enrlroczwntal conditions. 

Tneidvut Surface Beating hate 

A Cardoa sensor calibration can b# applied to 
she cai or lusters, as shown b*lovt 
C 2 *u ♦ vz) 

Vbere 

Q Incident beat rate In Btu/ft 2 -*ee 

Cj_, Cjj constants 
e thermoelectric potential 

t tin* 

h themsal conductivity 

t conttsnt which define* varlatioe of 

k with T 

a constant which define* rwriatiott Of 

e Vith T 



T temperature 

fj(T_) const u)t dependent oa reference Junc- 

* tied temperature 

O subscript denotes Initial temperature 

▼aloes 

At the present Use the second tern In tbe equa- 
tion Is used to compensate for decreased sensor 
output caused by lne» eased reference-junction 
tesperature. This tern can be empirically deter- 
ained using any known radiant beat! ex sourer by 
monitoring the rate of change of the reference 
Junction temperature. The addition of this ten 
has reduced the lnae:rr*cy from ko percent to 
15 percent In laboratory tests. Teste conducted 
outside of a radiant heating facility should sim- 
ulate reentry-environment conditions to maintain 
tbc validity Of this calibration when applied to 
heat -shield measurements. 

Pressure 

The pressure sensor can te calibrated using a 
standard "dead-welgh?" testing facility. The 
validity of this calibration oust be substantiated 
using the "pressure t-ibe” In simulated reentry 
environmental condltioos. 

Char and Ablation 

The char and ablation sensors are calibrated by 
plotting the source length against radioactivity, 
and radioactivity against instrtsent output. The 
source Is Cut into 10 rqual i events, which arc 
checked for unifo-mlty nf radioisotope. The seg- 
ments are then placed In tbelr original order and 
mounted on a platform having the required shield- 
ing geometry. Vbllc monitoring the output contin- 
uously, segment* are removed, resulting in a i cr- 
ies of discrete Step functions {0.5 mV per step}, 
vlth each step representing removal of a known 
amount of radioactivity. A smooth curve of dis- 
tances plotted against voltage can be obtained by 
extrapolation between steps. The sensors can be 
checked in simulated reentry condition* generated 
by plac-s arc* using non-act 1 rated sources and 
censuring end points by X-ray and sectioning anal- 
ysis. Activated sensors can be djnunietlly 
checked in partially simulated condition* gen- 
erated by ozyneetylese torches. Tbc lnaceoracy 
<> resulting from statistic el fluctuation present 
f 15) 

in nuclear counting system Is given by 



where 

counting error per second 
r number of counts rer second 

HC tine constant of counter 


Generally, this error represents less than 
o.ofco lncb (2 percent) for a 3000 count-per-sec- 
ood, 2-inch-lOrtr sensor. The error result lug 
from non-uni fora distribution of radioisotope I* 
approximately 3 percent. The total system error 
1* 5 percent or less of the total measurement 
length. 

Sensor Qualifleatlcn Testlm*- 

Tte qualification testing or the** sensor* 
should be designed with two specific purposes in 
Bind First, to determine the degradation of the 
calibration curve of the sensor caused by the re- 
entry environment {effects of shear, oxidation, 
temperature, etc.); and second, to generate a 
sufficient quantity of experimental data with 
which to express the measurement parameter* in 
tem* of reentry conditions. Since the maximum 
value of tbc reentry variables which can be ex- 
pected to influence the sensor (surface tempera- 
ture, heating rate, enthalpy, shear, and oxygen 
partial pressure) occur at different real tines. 

It is possible to use several different types of 
test facilities for reentry simulatlrti beating. 

In particular, three facilities lend themselves 
very veil to generation or acceptable environ- 
mental conditions for evaluation of beat shield- 
sensor*. They are plasm* arc-jets, cmyaeetylene 
torches, and low-pressure rocket-exhaust chamber*. 
Table I lists 2k •‘test" points obtained frc=u this 
combination of facilities. The number of test 
points required to provide sufficient data for 
parameter analysis of the censors is determined 
by the tuaber of environmental variable* «nd their 
range. It has been found that all four sensors 
should be subjected to approximately identical 
test conditions la order to provide adequate cor- 
relation between the data. Figures 6 to 9 are 
typical output signals for temperature, heat-flux, 
aolsticn, and char sensors which were tested in 
simulated environments. Figure 20 Is a composite 
curve using data from all four sensors. 


DIFCUSSICS C- D-TA ANALYSIS 

The analysis of test data generated by the 
sensor* durian simulated reentry condition* can 
be divided into two separate categories, beia 
and automatic. 

Human Analyst* 

Erm analvsis use* primarily physical opera- 
tions (such as sectioning, dimensional measure- 
ment, data conversion, and plotting) and visual 
observations (such a* curve slopes. X-ray anal- 
ysis, output continuity, and motion pictures) 
based on engineering Judgment. Froa this type of 
analysis general conclusions may be inferred per- 
taining to materials compatibility, basic sensor 
design, accuracy of calibration, reliability with- 
in the test environment, end gross environmental 
effects. It has been observed that daring rela- 
tively high shear force* (above b lb/sq ft) thin 



circular disks tend to ’'pop" out rather than 
ablate continuously. At low beating rate* (lea* 

than 50 Btu/ft ? -*ec), char fomatlou become* con- 
tinuous, and the decomposition "line" beccocs a 
v*de hand as a result of absence or ohaerrable 
ablation and lew surface temperatures (approx! - 
vately 2500* F). At high beating rates (500 
Btu/tt^-scc) doii materials tend to melt or oal- 
dite below the surface, and char and ablation 
rates approach steady-state values, which tend to 
remain constant over vide variations of surface 
conditions. Deviations fra the sensor calibra- 
tion curve can usually he determined in this phase 
of analysis by complete failure of the sensor or 
by large errors betweeu sensor data and whatever 
la used am a standard reference. For example, 
uninsulated tun* * ten /tun*sten-2 6- percent rbeniiss 
thermocouples repeatedly indicated material sur- 
face tenperatures of 3000* F. However, optical 
monitoring devices shoved the true temperature 
to be in the 1*000* F to *500® F range. This dif- 
ference constitutes a 33- percent error. When 
measured with Insulated thermocouples, surface 
temperature* recorded ranged fren *200® F to 
*500° P, with the observed error be in* between 
5 and 7 percent. 

Hunan analysis can be used to screen designs, 
determine basic calibration errors, and establish 
minimum level* of confidence for measurement In- 
tegrity and reliability. For canned spacecraft 
applications, higher confidence levels arc re- 
quired. 

Automatic Analysis 

Automatic analysis implies the use of data pro- 
cessing equipment such as computer* ind Cfi plot- 
ters. Computer programs have been written to 
evaluate beat-shield materials in terms or the 
measured temperature distribution within the 
material as opposed to environmental parameter*. 
Che such program, using "regression analysis" 
techniques, ha* been previously used in the 
Apollo Program. It would appear that similar 
analysis techniques could be used to Increase 
confidence levels or sensors tested in the par- 
tially simulated reentry environment* of present 
ground test facilities and that this same pro- 
gram could be used to establish a "standard" 
reference vlth which to compare the output frta 
each type of sensor. A program is currently be- 
ing written to accomplish these alms, using the 
Ksmned Spacecraft Center 709^ computer. The 
physical aspects of the program are as follows: 

1. Each type of sensor la tested in near 
identical conditions generated ty plasma-arc- Jets, 
oxyacctyleoe torches, and low-pressure rochet ex- 
haust hambers. 

2. The test conditions selected are ravlm-s, 
minima*, and several intermediary points of esch 
major environmental variable (shear, beat rate, 
enthalpy, oxygen partial pressure, and total 
pressure. ) 


3. Tbs total test data, environment and sen- 
sors output, are processed by the computer to 
yield an equation of tha form 

f(xt) (yjt) ♦ a^f (y^t) ♦ . . . 


where 

X measured parameter variable (temperature, 
ablation, char, and incident beat rate) 

S constants 

y environmental variables 

t tine 

For a given act of environmental condition* (y^, 
r 2 » • • • Fp) operating for a given time inter- 
val &t, the summation ha* a positive, increasing 
value a* t increases. It Is then possible to 
substitute end-point vslue* for three left-side 
variables and plot the fourth for a given time 
interval. This value of f^Cxt), which la cm- 
puted using the data free the other three sen- 
sor* , can be directly compared with the data 
generated by the tensor measuring f^(xt). This 

technique has yielded Information concerning the 
influence of environmental parameters cm the sen- 
sor output. Additional computer time vill be re- 
quired to demonstrate that the summation has 
unique values for Increasing time. 


simunr 

The necessity for evaluation of heat-shield 
materials during actual spacecraft reentry has 
provided the it laulaticn for developing specia- 
lised instrumentation and calibration techniques. 

To satisfy these spacecraft requlr=ente, 
special installation designs, calibration tech- 
niques, and data analysis methods have been de- 
veloped for pressure, temperature, ablation, 
char, end beat-rate measurements. 

Frm information obtained by these sensors, 
it may bee ok possible to reduce the time and 
coat Involved in best-shield material selec- 
tion and qualification; to understand more accu- 
rately the physic* of reentry and thereby predict 
reentry environments with higher confidence 
level*, and to design other more accurate sensors 
with which to increase the or* rail manned space- 
craft thermal protection ryataa analysis. 
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